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Key Points:
• Despite the similar ion loss rate calculated from 1D and 3D atmospheres, the latter are
required to adequately reproduce MAVEN observations.
• The hot oxygen corona plays an important role in protecting the Martian ionosphere
and thermosphere from the solar wind erosion.
• The thermospheric oxygen atom is the primary neutral source for O+ ion escape dur-
ing the relatively weak solar cycle 24.
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Abstract
We study roles of the thermosphere and exosphere on the Martian ionospheric structure and
ion escape rates in the process of the solar wind-Mars interaction. We employ a four-species
multifluid MHD (MF-MHD) model to simulate the Martian ionosphere and magnetosphere.
The cold thermosphere background is taken from the Mars Global Ionosphere Thermosphere
Model (M-GITM) and the hot oxygen exosphere is adopted from the Mars exosphere Monte
Carlo model - Adaptive Mesh Particle Simulator (AMPS). A total of four cases with the com-
bination of 1D (globally averaged) and 3D thermospheres and exospheres are studied.
The ion escape rates calculated by adopting 1D and 3D atmospheres are similar; how-
ever, the latter are required to adequately reproduce MAVEN ionospheric observations. In ad-
dition, our simulations show that the 3D hot oxygen corona plays an important role in pre-
venting planetary molecular ions (O+2 and CO
+
2 ) escaping from Mars, mainly resulting from
the mass loading of the high-altitude exospheric O+ ions. The cold thermospheric oxygen atom,
however, is demonstrated to be the primary neutral source for O+ ion escape during the rel-
atively weak solar cycle 24.
1 Introduction
Unlike Earth and Venus, Mars with a relatively weak surface gravity allows an extended
corona of hot oxygen that can partially escape to space [Wallis, 1978; Ip, 1988; Nagy and Cravens,
1988; Fox, 1993]. Being the most important reaction, the dissociative recombination of O+2
(deep in the dayside thermosphere/ionosphere) is responsible for producing most of dayside
exospheric hot atomic oxygen (O+2 + e −→ O∗ + O∗), therefore, the distribution of the hot
oxygen exosphere is asymmetric around the Mars globe [Valeille et al., 2009; Lee et al., 2015a].
Note that it is not only the model that shows the hot O distribution is asymmetric, but it is also
seen in the MAVEN Imaging Ultraviolet Spectrograph (IUVS) data [e.g., Lee et al., 2015b;
Leblanc et al., 2017]. In addition to the dissociative recombination of O+2 , the sputtering caused
by collisions between the pickup ions (e.g., O+) and the Martian thermospheric background
may also be an important source for the hot corona [Luhmann and Kozyra, 1991; Johnson and
Luhmann, 1998; Leblanc et al., 2018]. Compared with the cold thermospheric background, the
hot (or energetic) oxygen has a thermal speed, 〈vO〉 = (2kBTO/mO) 12 , higher than the lo-
cal thermal speed of the thermosphere.
Besides the strong day-night asymmetry exhibited in the hot oxygen density distribu-
tion, the major neutral species in the Martian thermosphere (CO2 and O) are also distributed
asymmetrically about the planet [e.g., Bougher et al., 2008; Bougher et al., 2015a]. Specifi-
cally, more neutral CO2 molecules are in the dayside thermosphere than on the nightside at
a given altitude because the CO2 global distribution is mainly controlled by the global tem-
perature instead of the dynamics. Therefore, the thermospheric CO2 density increases (decreases)
on the dayside (nightside) where temperatures are higher (lower). The density distribution of
atomic O (especially on the nightside), however, is mainly controlled by the day-night trans-
port due to its relatively low mass; photochemistry may make certain contribution on the day-
side oxygen density distribution. For atomic O, transport begins to have an effect as the ther-
mospheric winds increase with increasing altitude above the region where dayside O is pro-
duced photochemically; the day-to-night atomic O distribution is impacted strongly by winds
roughly above ∼130 km [Bougher et al., 2015a]. The neutral wind can transport atomic O from
dayside to nightside, resulting in a bulge of neutral O in the nightside thermosphere [Bougher
et al., 2015a].
In order to capture the asymmetry in the Martian thermosphere and exosphere, three-
dimensional “whole atmosphere” (from the ground to the exobase, 0 to ∼ 250 km) [Bougher
et al., 2015a] and exosphere [Lee et al., 2015a] models are ultimately required to capture these
asymmetric features. The modeled thermosphere and exosphere can be further input into a global
plasma code as the neutral background, such that roles of the 3D thermosphere and exosphere
on the Martian ionospheric structure and ion escape processes can be investigated in detail.
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Note that the incident solar wind at Mars encounters an extended hot exosphere, a conduc-
tive ionosphere, and highly localized crustal magnetic fields (the strongest of which in the south-
ern hemisphere [Acun˜a et al., 1999]), resulting in a complex obstacle to the solar wind that
varies on all spatial and temporal scales. Among all the objects in the solar system, Mars, there-
fore, offers a uniquely challenging set of conditions to simulate.
In recent years, investigations of the Martian thermosphere/ionosphere structure [e.g.,
Withers et al., 2015; Bougher et al., 2015b], magnetic topology [e.g., Luhmann et al., 2015; Xu
et al., 2016; Liemohn et al., 2017; DiBraccio et al., 2018], and atmospheric escape rates [e.g.,
Halekas et al., 2016; Fang et al., 2017; Egan et al., 2018] have become increasingly impor-
tant because they are closely related to the evolution of the Martian atmosphere and can af-
fect its climate over the past four billion years [e.g., Jakosky et al., 2015a; Bougher et al., 2015c;
Lillis et al., 2015; Mansfield et al., 2018; Dong et al., 2018; Jakosky et al., 2018, and the ref-
erences therein]. In-situ spacecraft measurements [e.g., Lundin et al., 2013; Ramstad et al., 2015;
Dong et al., 2015c; Brain et al., 2015] have greatly improved our estimates of global ion loss
rates at the current epoch. By using Mars Express (MEX) Analyzer of Space Plasmas and En-
ergetic Atoms 3 (ASPERA-3) data from June 2007 to January 2013, Lundin et al. [2013] re-
ported that the average heavy ion escape rate increased approximately by a factor of 10, from
1 × 1024 s−1 (solar minimum) to 1 × 1025 s−1 (solar maximum). More recently, Brain et al.
[2015] analyzed four months of Mars Atmosphere and Volatile EvolutioN (MAVEN) space-
craft data and estimated a net ion escape rate of ∼2.5 × 1024 s−1 by choosing a spherical shell
at ∼1000 km above the planet with energies >25 eV during solar cycle maximum conditions.
In addition, Liemohn et al. [2014] and Dong et al. [2015c] confirmed the substantial plume-
like distribution of escaping ions from the Martian atmosphere in MEX and MAVEN obser-
vations, organized by the upstream solar wind convection electric field. It is also worth not-
ing that the total ion loss rate increased by more than one order of magnitude during an in-
terplanetary corona mass ejection (ICME) event observed by MAVEN on March 8th, 2015 [Jakosky
et al., 2015b; Dong et al., 2015b; Curry et al., 2015b; Ma et al., 2017; Luhmann et al., 2017].
Moreover, Lingam et al. [2018] found that the solar energetic protons (SEPs) associated with
extreme space weather events with energies & 150 MeV can reach the Martian surface; the
same cutoff value has also been presented by the Mars Science Laboratory’s Curiosity rover
group [Hassler et al., 2014].
In order to study the solar wind interaction with the Martian upper atmosphere, various
plasma fluid models and kinetic particle codes have been developed. A few notable examples
include the multi-species single-fluid MHD models [Ma et al., 2004, 2014], the multifluid MHD
models [Harnett and Winglee, 2006; Najib et al., 2011; Riousset et al., 2013, 2014; Dong et al.,
2014a, 2015a], the test-particle approach [Fang et al., 2008, 2010a; Curry et al., 2014, 2015a]
and the hybrid particle-in-cell (hybrid-PIC) codes [Modolo et al., 2016; Brecht et al., 2016].
These codes have been used to help quantify the ion escape rates from the Martian upper at-
mosphere through the solar wind-Mars interaction. Most of these studies can reach a reason-
able agreement with the spacecraft observations. However, until now no systematic study was
focused on the influence of 3D thermospheres and exospheres on the Martian ionospheric struc-
ture and ion escape rates.
In this paper, we adopt the 3D Mars thermosphere (i.e., neutral temperatures Tn, neu-
tral densities nO, nCO2 , and photoionization frequencies IO, ICO2 ) from the Mars Global Iono-
sphere Thermosphere Model (M-GITM) [Bougher et al., 2015a] and the hot atomic oxygen
density, nOhot , from the Mars exosphere Monte Carlo model - Adaptive Mesh Particle Sim-
ulator (AMPS) [Lee et al., 2015a]. M-GITM and Mars AMPS are one-way coupled with the
3D Block-Adaptive-Tree-Solarwind-Roe-Upwind-Scheme (BATS-R-US) Mars multifluid MHD
(MF-MHD) model [Najib et al., 2011; Dong et al., 2014a, 2015a] (see Figure 1 for the one-
way coupled framework). The Mars AMPS hot oxygen corona is calculated based on the ther-
mosphere/ionosphere background from M-GITM [Lee et al., 2015a]. In the present work, the
simulations are carried out for four selected cases with the combination of 1D and 3D neu-
tral atmospheres.
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The remainder of this paper is divided into three sections. In Section 2, we briefly in-
troduce the three models employed in this study. In Section 3.1, we investigate the role of the
3D thermosphere on the Martian ionospheric structure and ion escape rates by means of data-
model and model-model comparisons. In Section 3.2, we study the effect of the 3D exosphere
on the ion escape rate and the corresponding molecular to atomic escaping ion ratio (O+2 +CO
+
2 )/O
+
through model-model comparisons. Discussion and Conclusions are summarized in the last
section.
  MF-MHD 
[O],[CO
2
],[CO],
[N
2
],[O
2
+],
[e-],T
e
,T
i
,T
n
,
U
n
,V
n
,W
n
[O
hot
]
AMPS
[O],[CO
2
],T
n
,
Ionization frequencies
(CO
2
   CO
2
+,O   O+,CO
2
   O+)
Figure 1. Sketch of a one-way coupling approach between M-GITM, Mars AMPS and MF-MHD (after
Figure 1 of Dong et al. [2015a]). The notation Tn denotes the neutral atmospheric temperature. The quan-
tities [O], [CO2], and [Ohot] are the thermospheric cold O, CO2 and exospheric hot O number densities,
respectively. In this study, we adopt the one-way coupling indicated by the solid black lines. For the detailed
study of the one-way coupling between M-GITM and Mars AMPS (solid gray line), please refer to Lee et al.
[2015a].
2 Model Description
In this section, M-GITM, AMPS, and MF-MHD are briefly introduced. All these mod-
els have been adopted to support the MAVEN mission activities (2014-2018).
2.1 Mars Global Ionosphere Thermosphere Model (M-GITM)
Mars Global Ionosphere Thermosphere Model (M-GITM) [Bougher et al., 2015a], com-
bines the terrestrial GITM framework [Ridley et al., 2006; Deng et al., 2008] with the funda-
mental physical parameters, ion-neutral chemistry, and key radiative processes for Mars in or-
der to capture the basic observed features of the thermal, compositional, and dynamical struc-
ture of the Mars atmosphere from the ground to the exobase (0 – 250 km). M-GITM currently
solves for three-dimensional neutral and ion densities, as well as neutral temperatures and winds
around the globe. Key neutral species presently include: CO2, CO, O, N2, O2, Ar, and He.
Five key photochemical ion species currently include: O+, O+2 , CO
+
2 , N
+
2 and NO
+. Typi-
cally, production runs are conducted for a 5 × 5 degree longitude-latitude grid, with a con-
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stant 2.5 km vertical resolution (∼ 0.25 scale height, Hs = kBT/mg, where kB is Boltz-
mann constant, g is the acceleration due to planetary gravity, T is the neutral temperature, and
m is the mass of the neutral species).
M-GITM validation studies thus far have focused upon simulations for a range of so-
lar cycles and seasonal conditions [Bougher et al., 2015a,b, 2017]. Figure 2a shows the so-
lar zenith angle (SZA) distribution around Mars’ globe for aphelion solar moderate conditions
(APHMOD) in the Geographic (GEO) coordinate system. The subsolar point (i.e., where SZA=0)
is located in the northern hemisphere. An inspection of Figure 2b reveals that solar-driven exobase
temperatures peak in the middle afternoon at the subsolar latitude (25◦N). The warmer tem-
perature near the evening terminator (LT = 18) is a result of the dynamical heating due to the
convergent zonal winds [Bougher et al., 2015a]. The asymmetric distribution of CO2 in lat-
itude (Figure 2c) is closely related to the asymmetric diurnal temperature distribution (Figure
2b). Conversely, Figure 2d presents atomic oxygen density distributions for which dayside-
produced O is transported to the nightside by the thermospheric wind system, where it sub-
sequently accumulates at low-to-middle latitudes around LT = 4–8. All the features shown in
Figure 2 indicate the importance of adopting the 3D M-GITM thermosphere in a global plasma
model in order to reproduce the ionospheric structure and accurately estimate the ion escape
rates in the process of the solar wind-Mars interaction.
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Figure 2. The color contours of (a) solar zenith angle (SZA, in degree), (b) Temperature (in K), (c) log10
CO2 densities (in m−3), and (d) log10 atomic O densities (in m−3) at ∼ 200 km (exobase) altitude for aphe-
lion solar moderate conditions (APHMOD, Ls=90, F10.7=130). The arrows in Figure 2 (b) indicate the
relative magnitude and the direction of the horizontal winds. All the vertical axes (i.e., latitude) range from
−90◦ to 90◦. The white color highlights the regions below the low saturation of the colorbar.
2.2 Mars Adaptive Mesh Particle Simulator (AMPS)
The code we employ to model the Martian exosphere is the 3D Mars Adaptive Mesh
Particle Simulator (AMPS), which runs in the test-particle mode using the Direct Simulation
Monte Carlo (DSMC) method [Bird, 1994]. The AMPS code [Tenishev and Combi, 2008; Ten-
ishev et al., 2013a; Lee et al., 2015a] is a well-tested code for a wide range of kinetic prob-
lems in rarefied gas regime. Examples of the AMPS applications include the cometary coma
and the exospheres of Mars, Mercury and the Moon. The 3D structure and photochemical loss
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of hot oxygen particles from Mars have been investigated by taking advantage of the one-way
coupled framework between Mars AMPS and M-GITM [Lee et al., 2015a,b]. As shown in Fig-
ure 1, AMPS calculates the hot atomic oxygen density distribution based on the thermospheric
background (i.e., neutral species O, CO2, N2, CO) from M-GITM.
Compared with the previous version where it assumed idealized hard sphere collisions
and only isotropic scattering in the center of mass frame [Valeille et al., 2009], the current AMPS
considers a more realistic description for the collisions between hot O and ambient species by
adopting a forward scattering collision scheme with the angular differential scattering cross
sections from Kharchenko et al. [2000]. The related integrated cross sections (in cm2) are 1.2×10−14
for O-CO2, 6.4×10−15 for O-O, and 1.8×10−14 for both O-N2 and O-CO. The current AMPS
(by adopting the forward scattering scheme) produces a more intensive (and closer to observed)
hot oxygen corona than the previous case by adopting the isotropic scattering scheme, and thus
enhances the corresponding photochemical escape rate [Lee et al., 2015a]. However, there still
exists certain discrepancy between MAVEN observations and AMPS predictions [Lee et al.,
2015a]; further improvement of model predications of hot oxygen corona is an ongoing MAVEN
effort.
The motion of each hot particle is influenced by the gravitational field of the Mars and
modified by collisions with the background thermospheric species. The collision in the code
depends on the rate of change in the background densities (i.e., rate of change in collision fre-
quency). Although the nominal cell size is about 60 km at the model lower boundary (at 100
km altitude above the Martian surface), the large grid size does not prevent AMPS from cap-
turing the variation in the Martian ionosphere and thermosphere. In AMPS, each macro-particle
is initialized based on the thermospheric background prescribed by M-GITM (stored in an ad-
ditional data table) at its resolution. It is noteworthy that the hybrid-PIC codes [e.g., Modolo
et al., 2016; Brecht et al., 2016] have similar grid resolution for studying the solar-wind Mars
interaction. The AMPS computational domain extends to 6 Mars radius (one Mars radius, RM ∼
3396 km).
Figure 3 illustrates the hot and total (the sum of thermal and hot components) atomic
oxygen distribution around the Mars globe in a logarithmic scale. Figure 3 is based on the Mars-
centered Solar Orbital (MSO) coordinate system, where the +X axis points from Mars to the
Sun, the +Z axis is perpendicular to the Martian orbital plane and points northward, and the
Y axis completes the right-hand system. The left panels correspond to the global hot and to-
tal O distribution of the 1D spherically symmetric case, i.e., by averaging over all the longi-
tudes and latitudes from the 3D AMPS output, n(r) =
‚
n(r,θ,φ) sin θdθdφ‚
sin θdθdφ
. The right panels
show the original 3D AMPS and M-GITM output. An inspection of the second row of Fig-
ure 3 reveals that the thermal atomic oxygen dominates over the hot component at relatively
low altitudes (i.e., in the thermosphere), while the hot atomic oxygen is the dominant neutral
species at relatively high altitudes (i.e., in the exosphere). Both panels are for the aphelion so-
lar moderate conditions (APHMOD). The 3D AMPS hot oxygen corona shows a great day-
night asymmetry which cannot be captured by a 1D spherically symmetric profile. The remark-
able asymmetry shown in Figure 3 indicates the significance of adopting the 3D hot oxygen
corona in a global plasma code for studying the Martian atmospheric ion loss.
2.3 BATS-R-US Mars multifluid MHD (MF-MHD) Model
The 3D BATS-R-US multifluid MHD (MF-MHD) model solves separate continuity, mo-
mentum and energy equations for each fluid [Powell et al., 1999; Glocer et al., 2009; Najib et al.,
2011; To´th et al., 2012; Huang et al., 2016; Dong et al., 2017a]. For the Mars version, it solves
MHD equations for four ion fluids H+, O+, O+2 , CO
+
2 [Najib et al., 2011; Dong et al., 2014a,
2015a]. Interestingly, Rubin et al. [2014] showed that by using a multifluid MHD model, it
can mimic some major features obtained with the hybrid-PIC calculation for a weak comet,
such as the finite gyration effect of the planetary/cometary heavy ions and the associated pickup
processes. The underlying reason is that MF-MHD includes the dynamics of individual ion
–6–
Confidential manuscript submitted to Journal of Geophysical Research-Space Physics
-6
-4
-2
0
2
n(Ohot) in cm
-3 (Case 1)
-3
-2
-1
0
1
2
3
ZZ
0
2
4
6
8
n(Otot) in cm
-3 (Case 1)
-3 -2 -1 0 1 2 3
X
-3
-2
-1
0
1
2
3
ZZ
-6
-4
-2
0
2
n(Ohot) in cm
-3 (Case 3)
0
2
4
6
8
n(Otot) in cm
-3 (Case 3)
-3 -2 -1 0 1 2 3
X
Figure 3. Comparisons of the hot atomic oxygen (first row) and total atomic oxygen (the sum of thermal
and hot component, second row) density distribution (in cm−3) from the globally averaged 1D spherically
symmetric AMPS profile (left) and the 3D profile (right) in the x-z meridian plane in the MSO coordinate
system. Both cases are based on the aphelion solar moderate conditions (APHMOD). Note the use of different
logarithmic scales.
species. The Lorentz force term, ∝ (us − u+)×B, in the individual ion momentum equa-
tion is mainly responsible for the asymmetric ion escape plume and the associated pickup pro-
cesses, resulting from the difference between the charge averaged ion velocity, u+, and the
individual fluid velocity, us, of species s [Dong et al., 2014a].
At the MF-MHD model lower boundary (100 km above the Martian surface), the den-
sities of O+, O+2 , CO
+
2 satisfy the photochemical equilibrium condition [e.g. Schunk and Nagy,
2009, chapters 8 and 13]. A reflective inner boundary condition for the velocity u is used, which
leads to an approximately zero velocity at the inner boundary as expected. The plasma tem-
perature is set to be twice the value of the neutral temperature at the inner boundary, where
both ions and electrons have roughly the same temperature as neutrals due to collisions. We
use the 60 degree harmonic expansion model of Arkani-Hamed [2001] to describe the crustal
magnetic fields at Mars [Acun˜a et al., 1999]. The photochemical reactions in the model include
charge exchange, photoionization, electron impact ionization and ion-electron recombination.
The electron impact ionization rates are given by Cravens et al. [1987]. The elastic collision
frequencies are taken from Schunk and Nagy [2009]. Table 1 summarizes the chemical reac-
–7–
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Table 1. Chemical reactions and associated rates in Mars multifluid MHD code. The ion-neutral and ion-
electron chemical reaction rates are adopted from Najib et al. [2011], while the photoionization frequencies
(at the top of atmosphere for aphelion solar moderate conditions) are adopted from Bougher et al. [2015a] as
indicated in Figure 1.
Chemical Reaction Rate (s−1)
Primary Photolysis and Particle Impact
CO2 + hν → CO+2 + e− 8.37× 10−7
CO2 + hν → CO + O+ + e− 7.52× 10−8
O + hν → O+ + e− 1.52× 10−7
H + hν → H+ + e− 5.58 × 10−8
e− + H→ e− + H+ + e− see text
e− + O→ e− + O+ + e− see text
Ion-Neutral Chemistry Rate (cm3 s−1)
CO+2 + O→ O+2 + CO 1.64× 10−10
CO+2 + O→ O+ + CO2 9.60× 10−11
O+ + CO2→ O+2 + CO 1.1× 10−9 (800/Ti)0.39
O+ + H→ H+ + O 6.4× 10−10
H+ + O→ O+ + H 5.08× 10−10
Ion-Electron Recombination Chemistry Rate (cm3 s−1)
O+2 + e
−→ O + O 7.38× 10−8 (1200/Te)0.56
CO+2 + e
−→ CO + O 3.10× 10−7 (300/Te)0.5
tions and the associated rates for inelastic collisions used in the multifluid MHD calculations.
The smallest radial resolution is about 5 km at the inner boundary while the grid size
can increase to several thousand kilometers at the outer boundary (∼ 30 RM ) due to the nonuni-
formity in the mesh design. The angular resolution varies from 1.5◦ to 3.0◦ in a spherical grid
mesh bounded by a cube with −30RM ≤ X ≤ 8RM ; −30RM ≤ Y,Z ≤ 30RM .
3 Simulation Results and Discussion
In this section, we discuss the simulation results obtained by using the one-way coupling
approach, i.e., both the M-GITM and AMPS neutral profiles are used as the inputs for the MF-
MHD model (Figure 1). Firstly, in order to study the effect of the 3D thermosphere on the Mar-
tian ionospheric structure and ion escape rates, we adopt either the 1D globally averaged (and
thus spherically symmetric) thermosphere (Case 1) or the 3D M-GITM thermosphere (Case
2) while fixing the 1D globally averaged hot oxygen corona. Detailed data-model comparisons
along a selected MAVEN trajectory on December 14, 2015 (orbit O2349) are studied. As an
illustrative example, we also present the global ionospheric ion distribution at a constant al-
titude, 200 km, for both Cases 1 and 2. In Section 3.2, we investigate the role of the 3D ex-
osphere on the ion escape rate. Three cases are studied for the aphelion solar moderate con-
ditions (APHMOD) with a 1D corona, a 3D corona, and a case without a hot oxygen corona
(Cases 2-4). Tables 2-3 summarize the parameters used for each case. The ion escape rates
are summarized in Table 4.
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Table 2. Input parameters used for different cases. The solar cycle conditions are chosen based upon one
MAVEN trajectory (orbit O2349) on 2015-12-14, during which it has a dayside periapsis.
Simulation # Subsolar Position of Periapsis Neutral Atmosphere Solar Cycle Conditions
Case 1 167.9◦E, 24.9◦N 1Dcold and 1Dhot Aphelion Solar
Case 2 167.9◦E, 24.9◦N 3Dcold and 1Dhot Moderate
Case 3 167.9◦E, 24.9◦N 3Dcold and 3Dhot (APHMOD)
Case 4 167.9◦E, 24.9◦N 3Dcold without Ohot
Table 3. Solar wind input parameters used for different cases. The solar wind inputs are taken from
MAVEN measurements on 2015-12-14 (orbit O2349), during which it has a steady solar wind and IMF.
Simulation # nsw (cm−3) vsw (km/s) IMF (nT) Tprotonsw & T
electron
sw (K)
Cases 1-4 4.85 (-348.5, -7.0, -25.5) (-0.25, 5.5, -1.0) 5.9×104 & 1.3×105
Table 4. Calculated ion escape rates (in ×1024 s−1) and molecular to atomic escaping ion ratio listed in the
last column.
Simulation cases O+ O+2 CO
+
2 Total (O
+
2 + CO
+
2 )/O
+
Case 1 (1Dcold and 1Dhot) 0.57 1.45 0.29 2.30 3.06
Case 2 (3Dcold and 1Dhot) 0.74 1.27 0.27 2.28 2.09
Case 3 (3Dcold and 3Dhot) 0.89 1.18 0.31 2.38 1.67
Case 4 (3Dcold and noOhot) 0.88 1.52 0.40 2.80 2.17
3.1 Effects of 3D Thermosphere on the Solar Wind-Mars Interaction
We first focus on the effect of the 3D thermosphere on the solar wind-Mars interaction.
Figure 4 presents the data-model comparison of the ionospheric density profiles between the
MF-MHD calculations (dashed lines) and the MAVEN data (solid lines). The electron den-
sity was measured by the Langmuir Probe and Waves (LPW) instrument on board the space-
craft. The O+, O+2 and CO
+
2 ion densities were measured by the Neutral Gas and Ion Mass
Spectrometer (NGIMS). Figure 4a depicts the spacecraft altitudes (blue), latitude (black) and
solar zenith angle (red) versus time along the trajectory. The rest of the panels are the detailed
data-model comparisons based on the 1D thermosphere and exosphere (Case 1, Figure 4b),
the 3D thermosphere and the 1D exosphere (Case 2, Figure 4c), and the 3D thermosphere and
exosphere (Case 3, Figure 4d), respectively. In Figure 4, the MF-MHD model displays the max-
imum ionospheric ion and electron densities at the periapsis of orbit O2349 (on December 14,
2015), in good agreement with the MAVEN observation. Both the MF-MHD calculations and
the MAVEN data reveal that O+2 is the dominant ion in the Martian ionosphere.
Compared with Case 1, the MF-MHD calculations based on the 3D M-GITM thermo-
sphere (Case 2) fit the observational data better, demonstrating the importance of adopting the
3D thermosphere in a global plasma code. In Figure 4b, the calculated molecular ion (O+2 and
CO+2 ) densities along the MAVEN trajectory are slightly higher than the NGIMS data whilst
the O+ ion density is slightly lower than that observed. Figure 4c, however, shows an oppo-
site trend as presented in Figure 4b. In order to understand the deviation between simulations
and observations, we plot both 1D and 3D thermospheric O and CO2 densities along the MAVEN
trajectory (Figure 5). As we expected, the 3D thermosphere (Case 2) has a higher O and lower
CO2 abundance compared to the 1D thermosphere (Case 1) along the MAVEN trajectory. This
helps to explain the variation trend in the ion densities from Figure 4b to Figure 4c. An in-
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Figure 4. Comparisons of the ion and electron densities between the MF-MHD simulations (dashed lines)
and the MAVEN observations (solid lines). The ion and electron densities are measured by NGIMS and
LPW, respectively. Second panel: Case 1 with 1D thermosphere and exosphere. Third panel: Case 2 with 3D
thermosphere and 1D exosphere. Fourth panel: Case 3 with 3D thermosphere and exosphere.
spection of Figure 4c and Figure 4d reveals that the 3D hot oxygen does not have a signif-
icant effect on the ionospheric density distribution compared to the 1D exosphere case.
Although we have presented the ionospheric ion densities along one MAVEN trajectory,
it is also important to depict the global density distribution of the Martian ionosphere. Fig-
ures 6 illustrates the 2D (latitude vs. local time, at 200-km altitude) ionospheric maps from
the MF-MHD model for Case 1 (left column) and Case 2 (right column). For both cases, the
top panels show the density distribution of O+, and the middle to bottom panels display the
density distribution of O+2 and CO
+
2 , respectively. The smooth transition of the ion density around
terminator region is a result of the implementation of Chapman function from Smith and Smith
[1972] in the MF-MHD model. Again, both columns show that O+2 is the dominant ion species
in the Martian ionosphere. In order to better understand the different ion distributions shown
in Figure 4, we also plotted the projection of the MAVEN trajectory in each panel.
In Figure 6 (left column), all the ions mirror a similar ionospheric pattern as a result of
the 1D spherically symmetric thermospheric input. The enhanced ion density in the southern
hemisphere is mainly caused by the crustal magnetic fields given that the crustal anomalies
are shifted to higher solar zenith angles (i.e. the southern polar region in MSO) at aphelion.
The same enhancement at the southernmost latitudes seen in the left column is not present in
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Figure 5. Comparisons between the 1D and 3D thermospheric density profiles along the MAVEN trajec-
tory. The plot includes both inbound and outbound data.
the right column because the 3D asymmetric thermosphere (as shown in Figure 2) produces
relatively high ion abundance at lower latitudes and northern hemisphere compared to the 1D
thermosphere case. In Figure 6 (right column), however, the ionospheric global distributions
between molecular ions (O+2 and CO
+
2 ) and atomic ions (O
+) are distinct when adopting the
3D thermosphere. On the other hand, O+2 and CO
+
2 share similar ionospheric patterns. It is
well known that the Martian dayside ionosphere is triggered by the photoionization resulting
from the solar EUV radiation [Bougher et al., 2008]. Subsequently, the photoionized CO+2 quickly
reacts with neutral O to produce the major ionospheric species O+2 ; therefore, O
+
2 exhibits a
similar ionospheric distribution as CO+2 . The ionospheric density peaks of O
+
2 and CO
+
2 are
also located at almost the identical altitude (e.g., see Figure 7). Although thermospheric O can
be photoionized by photons (the main channel), ionized through charge exchange with other
ion species, and impact ionized by electrons to produce O+, the absence of the neutral oxy-
gen atom (in the dayside thermosphere in 3D case) leads to a low abundance of O+ in the day-
side ionosphere (right column of Figures 6), consistent with the neutral density distribution
shown in Figure 2. Compared with the previous work, O+ in the present work can also be pro-
duced through photoionization of CO2 as a secondary channel.
In order to understand the effect of the 3D thermosphere on the ion escape, we calcu-
late the ion escape rates and list them in Table 4. The calculations are conducted by integrals
of the plasma density multiplied by the radial velocity component at the surface of a sphere
far from the planet. Calculations (not presented here for the sake of brevity) show that ion es-
cape rates do not change to any significant degree (<∼5%) once the radius exceeds 5 RM ,
the result presented in the remainder of this paper use the integral sphere with radius 6 RM .
Compared with Case 1 (with 1D globally averaged thermosphere), the O+ ion escape rate in
Case 2 (with 3D thermosphere) increases whilst molecular ionospheric ion (O+2 and CO
+
2 ) es-
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Figure 6. The ionospheric density maps for O+, O+2 , and CO
+
2 at 200-km altitude for Case 1 (left col-
umn) and Case 2 (right column). The thick white curve in each panel represents the projection of a selected
MAVEN trajectory (orbit O2349 on December 14, 2015). The red segment corresponds to the regions with
altitudes lower than 1000 km, including the periapsis. Note the use of different colorbar range in different
rows.
cape rate deceases. These trends can be explained by the vertical ionospheric density profiles
(at SZA=0) shown in Figure 7. As seen from Figure 7, more O+ at lower altitudes for Case
1 and more molecular ionospheric ions (O+2 and CO
+
2 ) at lower altitudes for Case 2, consis-
tent with Figure 6. The relative abundance, however, shows a contrary trend at high altitudes
(in the yellow shading region). Interestingly, the high-altitude ion abundance is consistent with
the ion escape rates listed in Table 4 since only those ions above a certain altitude (i.e., ion
exobase) are able to escape [e.g., Cravens et al., 2017]. From test-particle simulations, Fang
et al. [2010b] also found that generally on the dayside, only less than 35% of ions are able
to escape below 400-km altitude.
3.2 Effects of 3D Exosphere on the Solar Wind-Mars Interaction
In order to investigate the effect of the 3D exosphere (i.e., hot oxygen corona) on the
interplay between the Martian upper atmosphere and the solar wind, we study three cases with
a 1D corona, a 3D corona, and a case without a hot oxygen corona (Cases 2-4). This is sim-
ilar to the study by Curry et al. [2013b], who conducted test-particle simulations to study O+
ion loss rates with and without the 1D hot oxygen corona from Kim et al. [1998] by fixing the
1D thermosphere from Ma et al. [2004].
3.2.1 Effects of 3D Hot Oxygen Corona on O+ Ion Escape
Figure 8 depicts the O+ density in the x-z plane. One of the features of the MF-MHD
model is that it can capture the asymmetric escape plume of the planetary pickup ions [Na-
jib et al., 2011; Dong et al., 2014a; Rubin et al., 2014]. Both Cases 2 and 3 present dayside
pickup O+ ion escaping from the extended hot oxygen corona region whilst the high-altitude
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Figure 7. The vertical ionospheric density profiles for O+, O+2 , and CO
+
2 at SZA=0 for Case 1 (circle
markers) and Case 2 (solid curves). The yellow shading highlights a region that is more relevant to the ion
escape.
corona O+ ions cannot be observed in Case 4 due to the absence of an atomic oxygen source.
Compared with Case 2, more O+ are present in the dayside exospheric region in Case 3, con-
sistent with those hot oxygen density distributions shown in Figure 9. All three cases present
a large number of O+ ions escaping from the nightside plasma wake region as well. The color
contours in Figure 8 can be used to explain why the O+ ion escape rate of Case 2 is small-
est among three cases and O+ ion escape rates between Case 3 and Case 4 are similar. The
similar ion escape rate between Case 3 and Case 4 implies that the thermospheric oxygen atoms
make a significant contribution on the O+ ion escape rate.
3.2.2 Effects of 3D Hot Oxygen Corona on Ion Escape: O+ vs. (O+2 and CO
+
2 )
In this section, we will focus on Cases 3-4 and aim to understand the effect of a 3D hot
oxygen on O+ ion escape versus ionospheric molecular ion (O+2 and CO
+
2 ) losses. We sum-
marize the calculated ion escape rates for Cases 3-4 in Table 4.
Compared with Case 3 that includes hot oxygen, Case 4 (without hot oxygen) has higher
O+2 and CO
+
2 escape rates but maintains a similar value of O
+ escape rate. The variation in
the molecular to atomic escaping ion ratio (i.e., the last column of Table 4) indicates that the
hot oxygen component has a shielding effect that can protect the Martian ionosphere from the
solar wind erosion, especially for O+2 and CO
+
2 that have a relatively high mass and thus are
located at relatively low altitudes. It also reveals that the thermospheric oxygen is the dom-
inant neutral source in determining the Martian O+ ion escape for APHMOD under the nom-
inal solar wind conditions.
Before proceeding further, recall that Dong et al. [2015a] calculated the ion escape rates
under different solar cycle and seasonal conditions. They found that O+2 is the dominant es-
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Figure 8. Comparisons of O+ density in the x-z plane for a 1D corona, a 3D corona, and a case without a
hot oxygen corona. Left: case with the 1D globally averaged hot oxygen corona (Case 2). Middle: case with
the 3D AMPS hot oxygen corona (Case 3). Right: case without the hot oxygen corona (Case 4). Note the use
of a logarithmic scale.
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Figure 9. The comparison between 1D and 3D exospheric hot oxygen profiles at SZA=0 and SZA=60.
caping ion at solar minimum whilst O+ is the dominant escaping species at solar maximum.
Curry et al. [2013a] also showed the importance of O+ ion escape using a test-particle model
at solar maximum. Therefore, we conduct a case study by choosing Case 10 (autumnal equinox
solar maximum - AEQUMAX) in Dong et al. [2015a] with and without 3D hot oxygen corona;
the O+ ion escape rates are 4.57×1024 s−1 and 3.70 ×1024 s−1, respectively. Compared with
APHMOD, the hot oxygen becomes more important for O+ ion escape at AEQUMAX. The
thermospheric oxygen atom, however, is still the primary neutral source for O+ ion escape for
AEQUMAX under the nominal solar wind conditions.
The keys to understand the shielding effect of the hot oxygen corona are the ion pickup
and mass loading processes. Given the momentum and energy conservation, the solar wind
momentum and energy fluxes start to gradually decrease when approaching Mars due to the
–14–
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mass loading of high-altitude O+ (ionized from hot oxygen corona). In the absence of a hot
oxygen corona, the solar wind can directly interact with the Martian ionosphere and thermo-
sphere.
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Figure 10. Comparisons of the solar wind proton number flux, nH+UH+ between Case 3 and Case 4
(left). Comparisons of the electromagnetic energy density, E between Case 3 and Case 4 (right). Both are
depicted at 1000-km altitude above the Martian surface. The white color highlights the regions beyond the
high saturation of the colorbar.
Figure 10 demonstrates the solar wind proton number flux (left) and the electromagnetic
energy density (right) at 1000 km above the Martian surface for Cases 3 and 4. The electro-
magnetic energy density is defined as
E = 0E
2
2
+
B2
2µ0
(1)
where 0 and µ0 are the permittivity and permeability of free space, respectively. E denotes
the electric field (see Eq.(2) in Dong et al. [2014a]) and B represents the magnetic field. In
Figure 10 (left panel), the proton number flux in Case 4 is saturated at 1000-km altitude (in
white) while no saturation is observed in Case 3 using the same colorbar range. Compared with
Case 4, less electromagnetic energy density (right panel of Figure 10) is available at same al-
titude in Case 3, indicating the ionosphere is more disturbed by the solar wind without a hot
oxygen corona.
4 Conclusions
Recently, Dong et al. [2017b, 2018] studied the atmospheric ion escape of exoplanets
(such as Proxima b and the TRAPPIST-1 system by assuming Venus-like atmospheres) orbit-
ing M-dwarfs in the close-in habitable zone. Due to the strong EUV flux and extreme stel-
lar wind parameters, they found that the O+ ion is always the dominant escaping ion species
(due to its relatively small mass and thus large scale height) compared to O+2 and CO
+
2 . In
certain circumstances, the ionospheric molecular ion (O+2 and CO
+
2 ) escape rates of Venus-
like exoplanets orbiting M-dwarfs are similar to (and even smaller than) the cases in our so-
lar system despite the much more intensive stellar radiation and stellar wind, as a result of the
short star-planet distance, e.g, 0.05 AU for Proxima b. The underlying reason is that the mass
loading of relatively light O+ ion slows down the stellar wind. At ancient times, the EUV flux
and solar wind parameters were much stronger than that of the current epoch (partly resem-
bling those of the M-dwarf exoplanets discussed earlier), and Mars also has a much more ex-
tensive and intensive hot oxygen corona [Valeille et al., 2010], indicating that hot oxygen ex-
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osphere may provide an important source for O+ ion escaping billions of years ago. There-
fore, the hot oxygen corona may play a crucial role in the long-term evolution of the Martian
atmosphere and its composition over its history [Dong et al., 2014b, 2018]. Based on this study,
we speculate that the early loss rate of the ionospheric molecular ions (O+2 and CO
+
2 ) may be
even lower than the current value due to the strong shielding (i.e., mass loading) effect of high-
altitude oxygen ions.
In summary, we studied the solar wind interaction with the Martian upper atmosphere
using a one-way coupled framework of three comprehensive 3D models, i.e., the M-GITM ther-
mosphere output and the Mars AMPS hot atomic oxygen corona are used as the inputs for the
MF-MHD model. The effects of 1D and 3D cold thermosphere and hot oxygen corona on the
ionospheric structure and ion escape rates are studied in detail by comparing four selected cases.
While the total ion escape rates by adopting 1D and 3D neutral atmospheres are similar, the
detailed ionospheric density distributions are distinguishable. Compared with the 1D thermo-
sphere, the MF-MHD calculations based on 3D thermosphere are in better agreement with MAVEN
observations. We also found that the hot oxygen corona plays an important role in protecting
the Martian ionosphere and thermosphere from the solar wind erosion, i.e., reducing the molec-
ular ionospheric ion (O+2 and CO
+
2 ) escape rate. The shielding effect can be explained by the
mass loading of the high-altitude hot oxygen ions. Moreover, the simulation results reveal that
the cold oxygen is the primary neutral source for O+ ion escape during this unusually quiet
solar cycle.
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